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(567)  Disclosed is a control circuit for protecting MOS-
FETs in 1/O buffers or other devices from overvoltage
damage, especially during power ramp up. The control
circuit can perform additional functions. In one embodi-
ment an integrated circuit (IC) includes input/output (1/O)
buffers coupled to an output supply voltage terminal that
is configured to receive an output supply voltage Vddio.
Each of the I/O buffers has a bias voltage generator that
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is configured to generate a first bias voltage with a mag-
nitude that depends on a control signal; an output stage
that receives the first bias voltage, wherein the output
stage is configured to drive an I/O pad based upon a data
signal received at the I/O buffer. The IC also includes an
1/O buffer controller coupled to the 1/0 buffers and con-
figured to generate the control signal based upon a mag-
nitude of the output supply voltage Vddio.
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Description
BACKGROUND

[0001] Integrated circuits (ICs) such as System on
Chips (SoCs), microcontrollers (MCUs), etc., communi-
cate with external components such as dynamic random
access memory (DRAM), dual data rate (DDR) memory,
etc., through input output (I/O) buffers. Generally I/O buff-
ers have input interfaces for communicating with internal
core circuits (e.g., a central processing unit) of the IC,
and output interfaces for communicating with compo-
nents external to the IC via /O pads. The input and output
interfaces typically operate in different voltage domains.
[0002] Metal oxide field effect transistors (MOSFETSs)
can be damaged if the gate to source (Vgs) or gate to
drain (Vgd) voltage exceeds a maximum value TrMax.
As semiconductor technology advances, and transistor
size reduces, TrMax also reduces. Unfortunately the out-
put interfaces of 1/0 buffers in modern ICs are often re-
quired to operate with an output supply voltage Vddio
that exceeds TrMax. Protection MOSFETSs can be added
to 1/0O buffers to ensure reliable operation at high output
supply voltages Vddio (e.g., Vddio = 3.3V). The gates of
these protection MOSFETSs, however, must be carefully
biased, especially during power ramp up.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] The present technology may be better under-
stood, and its numerous objects, features, and advan-
tages made apparent to those skilled in the art by refer-
encing the accompanying drawings.

Figure 1 is a block diagram that illustrates an exam-
ple IC that includes power management circuit
(PMC).

Figure 2 is a mixed schematic and block diagram
illustrating an example I/O buffer employed in the IC
of Figure 1.

Figure 3 is a block diagram that illustrates an exam-
ple IC that lacks a PMC.

Figure 4 is a mixed schematic and block diagram
illustrating an example 1/0 buffer that can be em-
ployed in the IC of Figure 3.

Figure 5 is a mixed schematic and block diagram
illustrating an example of another I/O buffer that can
be employed in the IC of Figure 3.

Figure 6 is a block diagram illustrating an example
buffer controller that can be employed in IC of Figure

3.

Figure 7 is a block diagram illustrating one embodi-
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ment of a programmable bias voltage generator that
can be employed in the buffer controller of Figure 6.

Figure 8 is a schematic diagram of an example split
level shifter that can be employed within the pro-
grammable bias voltage generator of Figure 7.

Figure 9 is a schematic diagram of an example I/O
bias voltage generator that can be employed in de-
vice of Figure 7.

Figure 10 is a block diagram illustrating another ex-
ample buffer controller that can be employed in IC
of Figure 3.

Figure 11 illustrates relevant aspects of the process
employed by a supply voltage detector of Figure 10.

Figure 12 illustrates an embodiment of the supply
voltage detector that can be employed in the con-

troller of Figure 10.

[0004] The use of the same reference symbols in dif-
ferent drawings indicates similar or identical items.

DETAILED DESCRIPTION

[0005] Disclosedis acontrolcircuitfor protecting MOS-
FETs in I/O buffers or other devices from overvoltage
damage, especially during power ramp up, and additional
functions. |/O buffers should be tristated when the core
supply voltage Vdd and the output supply voltage Vddio
are below respective threshold values, which is often the
case when Vdd and VVddio are ramping up. If not tristated
I/0 buffers may send signal "glitches" to external com-
ponents during voltage ramp up. The control circuit of
this disclosure can tristate 1/0O buffers when Vdd or Vddio
are below respective threshold values to prevent them
from sending signal glitches.

[0006] To illustrate problems caused by overvoltage,
Figure 1 illustrates an IC 100 in block diagram form, which
contains core circuit 102 in data communication with a
bank of I/O buffer circuits 104 via data bus 106. Core
circuit 102 is coupled between supply voltage Vdd and
ground Gnd=0V. Core circuit 102 may include various
devices including a central processing unit (CPU) that
communicates directly or indirectly with external compo-
nents via 1/O buffers 104. Figure 2 illustrates relevant
components of an example I/O buffer 104, which includes
an output stage 202 coupled between output supply volt-
age Vddio and ground Gnd=0V. Output stage 202 in-
cludes a stack of MOSFETs 210-216 and an inverter cir-
cuit 218.

[0007] Core circuit 102 and output stage 202 operate
in distinct voltage domains. A binary signal in the core
voltage domain has logic voltage levels [0V,Vdd], where
0V is the logic low voltage, and Vdd is the logic high
voltage level. A binary signal in the output voltage domain
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has logic voltage levels [0V,Vddio], where 0V is the logic
low voltage, and Vddio is the logic high voltage level.
Level shifters can translate the voltage levels of signals.
Level shifters are commonly employed in I/O buffers to
translate the voltage levels of signals as they move from
the core voltage domain to the output voltage domain.
Each 1/0O buffer 104 includes a level shifter circuit 204
that translates the logic levels of data signal d from [0V,
Vdd] to [0V, Vddio].

[0008] At power up, supply voltages Vdd and Vddio
are initially at OV and increase until they reach target
levels (e.g., Vdd=0.8V and Vddio=3.3V). I/O buffers 104
should be tristated until Vdd and Vddio reach respective
minimum voltage values. With continuing reference to
Figures 1 and 2, IC 100 includes a power management
control (PMC) circuit that controls I/O buffers 104 via a
low voltage inhibiter (LVI1) signal. PMC circuit 112 asserts
LVI (i.e., LVI=Vddio) when supply voltages Vdd or Vddio
are below respective minimum thresholds V1 and V2,
respectively. MOSFETs 210 and 216 in each of the I1/0
buffers 104 receive the LVI signal and its inversion from
PMC 112 and inverter circuit 218. When LVI is asserted,
MOSFETs 210 and 216 are deactivated, and as result
output stage 202 is tristated. When Vdd and Vddio are
respectively V1 and V2 or higher, PMC 112 de-asserts
LVI signal (i.e., LVI=0V), which in turn activates MOS-
FETs 210 and 216. Output stage 202 can then drive /O
pad 110 based upon input signal d received from level
shifter 204. Table 114 shows the state of LVI based on
supply voltages Vdd and Vddio.

[0009] MOSFETSs can be damaged if subjected to volt-
ages that exceed their maximum rating TrMax. For ex-
ample, if Vgd or Vgs of any of the MOSFETs 210 - 218
exceeds TrMax, that MOSFET can be rendered perma-
nently inoperable. In the example shown within Figures
1 and 2, TrMax for all of the MOSFETSs in I/O buffer 104
and PMC 112 are greater than supply voltages Vdd and
Vddio. Accordingly, there is no risk that any of the devic-
es, including MOSFETs 210-218, will be damaged by
overvoltage.

[0010] Figure 3 illustrates an IC 300 in block diagram
employing MOSFETs that have a lower TrMax when
compared to that of the MOSFETs employed within IC
100 of Figure 1. For the purposes of explanation Figure
3 will be described with MOSFETs having a maximum
rating of TrMax=1.8V. IC 300 contains core circuit 302
in data communication with a first bank of 1/0 buffer cir-
cuits 304 and a second bank of I/O buffer circuits 306 via
data bus 308. Core circuit 302 is coupled between
Vdd=0.8V and Gnd=0V. Core circuit 302 may include
various devices including a CPU that that communicate
with external components via I/O buffers 304 or 1/O buff-
ers 306.

[0011] As will be more fully described below each of
the 1/0O buffers 304 includes an output interface that in-
cludes an output stage coupled between output supply
voltage Vddio=3.3V and Gnd=0V. The I/O buffers 304
are also referred to herein as the 331/0 buffers 304. Each
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of the I/O buffers 306 includes an output interface that
includes an output stage coupled between output supply
Vddiox and Gnd=0V, where Vddiox can vary between
1.8V and 3.3V. For the purposes of explanation, Vddi-
ox=1.8V or Vddiox=3.3V. The I/O buffers 306 are also
referred to herein as the 3318I/O buffers 306.

[0012] Vdd=0.8V is less than TrMAx=1.8V, and as a
result MOSFETSs coupled to Vdd will not be damaged by
overvoltage. However, output supply voltage Vd-
dio=3.3V exceeds TrMAx=1.8V, and as a result MOS-
FETs coupled to Vddio can be damaged. The same is
true for MOSFETSs coupled to Vddiox when it is set to
3.3V. As will be more for described below, protection
MOSFETSs can be added to avoid overvoltage damage.
Noticeably lacking from IC 300 is a PMC circuit like that
shown in Figure 1.

The 331/0 buffer

[0013] With continuing reference to Figure 3, Figure 4
illustrates relevant components of an example 331/0 buff-
er 304, which includes an output stage 402 coupled be-
tween output supply voltage Vddio and Gnd=0V. Output
stage 402 includes a stack of MOSFETs 404-414 and
inverter circuit 416. 331/0 buffer 304 receives low voltage
inhibit (LVI) control signals LVIp and LVIn from I/O buffer
controller circuit 314. Output stage 402 is tri-stated when
P-channel MOSFET 404 and N-channel MOSFET 414
are deactivated when LVIp and LVIn are asserted (i.e,
LVIp=Vddio and LVIn=Vddio/2), respectively. Other cir-
cuit structures for tri-stating the output stages are con-
templated. As noted in Figure 4, LVIp and LVIn have
distinct logic levels [Vddio/2=1.65V, Vddio=3.3V] and
[0V, Vddio/2=1.65V], respectively, to ensure that Vgs and
Vgd voltages of MOSFETs 404 and 414 do not exceed
TrMax=1.8V. MOSFETs 408 and 410 provide overvolt-
age protection. The gates of MOSFETs 408 and 410 are
biased at Bp and Bn, respectively. During normal oper-
ation, bias voltages Bp and Bn are set to approximately
Vddio/2=1.65V, which is below TrMax=1.8V, and as a
result MOSFETSs 408 and 410 are not susceptible to ov-
ervoltage damage. During sleep mode, more fully de-
scribed below, bias voltages Bp and Bn are set to
Sp=0.55-Vddio~1.8V and Sn=0.44-Vddio~1.5V, respec-
tively, to reduce power consumption within 331/O buffer
306.

[0014] Core circuit 302 and output stage 402 operate
in separate voltage domains. To accommodate the dif-
ference, and to prevent overvoltage damage to MOS-
FETs 406 and 412, each 33I/O buffer 304 includes a split
level shifter circuit 420 that translates input data signal d
with logic levels [0V, Vdd] into output data signal dn and
dp with logic levels [0V, Bn~=1.65V] and [Bp~1.65V, Vd-
dio=3.3V], respectively, during normal operation of 331/0
buffer 304. During sleep mode, split level shifter circuit
420 translates input data signals d into output data sig-
nals dn and dp with logic levels [0V, Bn=1.5V] and
[Bp=1.8V, Vddio=3.3V], respectively. The 33181/O Buffer




5 EP 3 852 271 A1 6

[0015] With continuing reference to Figure 3, Figure 5
illustrates relevant components of an example 33181/0
buffer 306, which includes an output stage 502 coupled
between Gnd=0V and output supply voltage Vddiox,
which can be either 3.3V or 1.8V. Output stage 502 in-
cludes a stack of MOSFETs 504-514. 33181/0 buffer 306
receives low-voltage inhibitor LVIxp and LVIxn control
signals from I/O buffer controller circuit 316. Output stage
502 can be tri-stated when P-channel MOSFET 504 and
N-channel MOSFET 514 are deactivated by LVIxp and
the inversion of LVIn, respectively. LVIxp and LVIxn for
the 33181/0 buffers 306 have different logic levels [Vd-
diox/2=1.65V, Vddiox=3.3V] and [0V, Vddiox/2=1.65V],
respectively, to ensure that Vgs and Vgd voltages of
MOSFETs 504 and 514 do notexceed TrMax=1.8V when
Vddiox=3.3V, and LVIxp and LVIxn have the same logic
levels [0V, Vddiox=1.8V] when Vddiox=1.8V. The
3318I/0 buffer 306 also includes a programmable bias
generator 522 for generating Bxn and Bxp based on an
input signal En18, which is asserted by 3318I1/O buffer
controller 316 when Vddiox=1.8V. With En18 asserted,
programmable bias voltage generator 522 outputs
Bxp=Vddiox=1.8V and Bxn=0V. When En18 is not as-
serted, which will be the case when Vddiox=3.3V, pro-
grammable bias voltage generator 522 outputs
Bxp=Bxn=Vddiox/2=1.65V. MOSFETs 508 and 510 pro-
vide overvoltage protection when Vddiox=3.3V. Bxn and
Bxp biases the gates of MOSFETs 508 and 510, respec-
tively. These transistors will not be damaged by overvolt-
age when Vddiox=3.3V since their gates are biased at
Bxp=Bxn=Vddiox/2=1.65V.

[0016] Core circuit 302 and output stage 502 operate
in separate voltage domains Vdd=0.8V and Vddiox=1.8V
or Vddiox=3.3V. To accommodate the difference, each
3318I1/0 buffer 306 includes a split level shifter circuit 520
that translates input data signal dx with logic levels [0V,
Vdd]into output data signals dxn and dxp with logic levels
[0V,Bxp] and [Bxn,Vddiox], respectively. As noted above
Bxn=Bxp=Vddiox/2=1.65V when Vddiox=3.3V, and split
level shifter 520 translates the input data signals to output
data signals dxn and dxp with logic levels [0V,1.65V] and
[1.65V,3.3V] to prevent overvoltage damage to MOS-
FETs 506 and 512. When En18 is asserted (i.e., Vddi-
ox=1.8V), programmable bias voltage generator 522 sets
Bxn=0V and Bxp=Vddiox=1.8V, and split level shifter 520
translates the input data signals to output data signals
dn and dp with logic levels [0V, 1.8V].

1/0O Buffer Controllers

[0017] With continuing reference to Figures 3-5, IC 300
includes I/0 buffer controller 314 and 1/O buffer controller
316 for controlling the 331/O buffers 304 and 33181/0
buffers 306, respectively. These I/O buffer controllers
perform various control functions. For example 1/O buffer
controllers 314 and 316 can inhibit operation of the 331/0
buffers 304 and 33181/O buffers 306, respectively, when
supply voltages Vdd and Vddio, are below minimum val-
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ues V1 and V2, respectively, which is important since IC
300 lacks the power management control circuit 114 of
Figure 1. I/O buffer controller 314 can also control the
biasing voltages Bn and Bp for 331/0 buffers 304 based
upon a sleep signal Sleep that is received from core cir-
cuit 302. /0 buffer controller 316 can generate the En18
signal that controls the programmable bias voltage gen-
erator 522 in each 3318I/0O buffer 306 based upon supply
voltage Vddiox. Additional functions are contemplated.
1/0O buffer controller 314 will also be referred to as the
33I1/0 buffer controller 314, and I/O buffer controller 316
will also be referred to as the 33181/0 buffer controller
316.

The 331/0 Buffer Controller 314

[0018] Figure 6 is a block diagram illustrating an ex-
ample 331/0 buffer controller 314. With continuing refer-
ence to Figures 3 and 4, the 33I/O buffer controller 314
in Figure 6 includes a power supply detection circuit 602
that receives an eLVI1 signal from core circuit 302. The
core circuit 302 can assert eLVI1 and/or eLVI2 in re-
sponse to IC 300 receiving a restart or reset signal. The
331/0 buffers 304 and 3318 I/0 buffers 306 should tristate
when eLVI1 and eLVI2 are asserted. Core circuit 302
can de-assert eLVI1 in response to receiving a signal
from a circuit external to IC 302 (e.g., an external PMC
circuit similar to that shown in Figure 1), which should
indicate that Vdd and Vddio are greater than minimum
thresholds V1 and V2, respectively, and core circuit 302
should de-assertelLVI2in response to receiving the same
signal or a different signal from the external circuit that
indicates that Vdd and Vddiox exceed minimum thresh-
olds. Unfortunately the signal(s) received by core circuit
302 may be in error, and Vdd and Vddio may be below
V1 and V2, respectively, or Vdd and Vddiox may not ex-
ceed minimum thresholds when core circuit 302 de-as-
serts eLVI1 and/or eLVI2, which could lead to 331/0 buff-
ers 304 or 3318 1/O buffers 306 sending glitch errors to
components external to IC 300. Accordingly, 331/0O buff-
ers 304 and 3318 1/O buffers 306 should not be controlled
solely based on the state of eLVI1 and eLVI2.

[0019] Power supply detection 602 generates LVI
based upon eLVI1 and a comparison of core voltage sup-
ply Vdd and output voltage supply Vddio to reference
voltages V1 and V2, respectively. Figure 6 shows a table
604 that defines logic circuits employed within power sup-
ply detection 602 for generating the LVI signal. Essen-
tially power supply detection 602 will not assert the LVI
signal until both Vdd and Vddio exceed V1 and V2, re-
spectively, and eLVI1 is asserted (eLVI=Vdd).

[0020] The 331/0O buffer controller 314 includes a split
domain level shifter circuit 606 that receives the LVI sig-
nal from power supply detection 602 with voltage logic
levels [0V,Vdd]. Split domain level shifter 606 translates
the LVI signal it receives into LVIn and LVIp, which have
differentlogic levels. Level shifter 606 transmits LVIn and
LVIp to each of the 33I/O buffers 304, where they are
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used to control MOSFETs 404 and 414. As noted above,
when LVIn and LVIp are asserted (i.e., LVIn=Vd-
dio/2=1.65V and LVIp=Vddio=3.3V), 331/O buffers 304
are placed in the tri-state mode.

[0021] Figure 6 also shows that 331/O buffer controller
314 includes a programmable bias voltage generator cir-
cuit 610. This device generates biasing voltages Bn and
Bp for the 331/0O buffers 304 based on the Sleep signal
received from core circuit 302 or the LVI signal from pow-
er supply detection and LVI control 602. When Sleep is
asserted, Bn and Bp are adjusted to put the 331/0O buffers
304 into a low-power mode. Figure 7 illustrates one em-
bodiment of the programmable bias voltage generator
610 in block diagram form, which includes an independ-
ent bias voltage generator circuit 702 coupled between
Vddio and Gnd=0V. This device generates a separate
set of biasing voltages Bns=Vddio/2 and Bps~Vddio/2
for level shifter circuit 704 and split domain level shifter
circuit 706. Level shifter 704 translates the Sleep signal
from core circuit 302 or the LVI signal from power supply
detection and LVI control 602 with logic levels [0V,Vdd]
into bias voltage control (BVC) signal with logic levels
[0V,Bns=Vddio/2] before itis provided to split domain lev-
el shifter circuit 706. Split level shifter 606 translates the
BVC signal into BVCp with logic levels [Bps~Vddio,Vd-
dio/2] and BVCn with logic levels [0V, BnsxVddio/2].
BVCp and BVCn control I/0O bias voltage generator circuit
710, which in turn generates biasing voltages Bp and Bn
for the 331/0 buffers 304. More specifically, if the Sleep
signal or the LVI signal is asserted (i.e., Sleep=Vdd or
LVI=Vdd), BVCp and BVCn will be asserted high and low
(i.e, BVCp=Vddio and BVCn= 0V), respectively. In re-
sponse, I/O bias voltage generator 710 will bias I/O buffer
devices 304 with Bp=Sp=0.55-Vddio~1.8V and
Bn=Sn=0.45-Vddio~1.5V. With Bn and Bp set at these
voltages, the 331/0 buffers 304 will consume less power
when compared to the power consumed during normal
operation. When Sleep and LVI are not asserted, split
level shifter 706 outputs BVCp= Bps=Vddio/2 and
BVCn= Bns=Vddio/2. In response, I/O bias voltage gen-
erator 710 will bias 1/O buffer devices 304 with BnxVd-
dio/2 and Bp~Vddio/2, which might be slightly different
magnitude.

[0022] Figure 8 illustrates an example of a split level
shifter that can be employed in the IC 300. More partic-
ularly, Figure 8 illustrates an example split level shifter
706 that can be employed within programmable bias volt-
age generator 610 of Figure 7. With continuing reference
to Figure 7, the split level shifter 706 shown in Figure 8
includes 2 stacks of MOSFETs 802 and 804. The first
stack 802 includes a pair of P-channel MOSFETs 806
and 808 coupled as shown along with a pair of N-channel
MOSFETs 810 and 812. The second stack 804 includes
a pair of P-channel MOSFETs 816 and 818 coupled as
shown along with a pair of N-channel MOSFETs 820 and
822. Inverter circuit 830 and the gate of N-channel MOS-
FET 812 receive BVC[0V,Bns] from level shifter 704. The
output of inverter 830 is received at the gate of N-channel
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MOSFET 822. Bias voltage Bps is received at the gates
of P-channel MOSFETSs 808 and 818, while bias voltage
Bns is received at the gates of N-channel MOSFETs 810
and 820. BVCp is output from the node that couples the
drain and source of P-channel MOSFETs 806 and 808,
respectively, while BVCn is output from the node that
couples the source and drain of N-channel MOSFETs
820 and 822, respectively. MOSFETs 808, 810, 818, and
820 are provided for overvoltage protection of MOSFETSs
806, 812, 816, and 822.

[0023] As noted in Figure 7, control signals BVCp and
BVCn are provided to 1/O bias voltage generator 710.
These control signals determine the magnitudes of bias
voltages Bp and Bn that are subsequently provided to
the 33 I/O buffers 304. Figure 9 illustrates an example
1/O bias voltage generator 710 that can be employed with-
in the programmable bias voltage generator 610 shown
within Figure 7. With continuing reference to Figures 7
and 9 bias voltage generator 710 includes separate volt-
age dividers 902, 904, and 906. Voltage divider 902 in-
cludes stack of MOSFETs 912-926 coupled between Vd-
dio and Gnd=0V as shown. Similarly voltage divider 904
includes stack of MOSFETs 932-946 coupled between
Vddio and Gnd=0V as shown. Lastly, voltage divider 906
includes a high impedance stack of resistors R1-R6 ar-
ranged in series as shown between Vddio and Gnd=0V.
Bias generation circuit 710 generates bias voltages Bp
and Bn at nodes 950 and 952, respectively. As shown in
Figure 9 output node 950 is coupled to the drains of P-
channel MOSFETs 918 and N-channel MOSFET 920,
while output node 952 is coupled to the drains of MOS-
FETs 938 and 940.

[0024] Voltage dividers 902 and 904 are directly con-
trolled by BVCp and BVCn. In particular the gates of P-
channel MOSFETs 912 and 932 receive control signal
BVCp from split level shifter 706, while the gates of N-
channel MOSFETs 926 and 946 receive control signal
BVCn. When Sleep is asserted by core circuit 302 (i.e.
Sleep=Vdd), split level shifter 706 generates BVCp=Vd-
dio and BVCn= 0V, which deactivates voltage dividers
902 and 904 by deactivating MOSFETs 912, 932, 926,
and 946. However, voltage divider 906 will generate
Bn=Sn=1.5V and Bp=Sp=1.8V at nodes 950 and 952,
respectively, while very low current flows through resis-
tors R1-R6. When Sleep=0V, split level shifter 706 gen-
erates BVCp=Bps=Vddio/2=1.65V and BVCn=Bps=Vd-
dio/2=1.65V, which in turn activates MOSFETs 912, 932,
926, and 946. MOSFETs 914-924 are essentially the
same in gate width and length and in other parameters
(e.g., mobility, gate oxide thickness, etc.). The source in
each MOSFET is tied to its body. The same features are
true for MOSFETs 934-944. As result, voltage dividers
902 and 904 will generate BnxVddio/2~1.65V and
Bp~Vddio/2~1.65V nodes 950 and 952, respectively.
When Bn and Bp are substantially equal in magnitude
(i.e., 1.65V), little to no current will flow through resistors
R3 and R4.
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3318I/0 Buffer Controller 316

[0025] IC 300 of Figure 3 includes a 3318 1/O buffer
controller 316 for controlling 3318 1/O buffers 306 via the
LVIxn, LVIxp, Bni, Bpi and En18. As shown the 3318 I/O
buffer controller 316 receives stable voltage references
BGR1 and BGR2 from a bandgap voltage reference gen-
erator circuit 320, which is a device that produces fixed
(constant) voltages regardless of power supply varia-
tions, temperature changes and circuit loading. BGR1
and BGR2 can be used to determine whether the 3318
I/O buffers 306 are operating with Vddiox=1.8V or Vddi-
0x=3.3V.

[0026] Withcontinuingreference to Figures 3, 5, Figure
10 illustrates an example 33181/O buffer controller 316.
3318I/0 buffer controller 316 includes a supply voltage
detector 1002 and a programmable split domain level
shifter 1004. Supply voltage detector 1002 receives
BGR1 and BGR2 from bandgap voltage generator 320,
and eLVI2 from core circuit 302. Supply voltage detector
circuit 1002 generates LVIx based upon a comparison
of Vdd and Vddiox to threshold voltages V1 and V2, re-
spectively, and based upon the state of eLVI2. Table
1006 defines operational aspects of logic circuits em-
ployed within supply voltage detector 1002 for generating
the LVIs signal. Essentially supply voltage detector as-
serts the LVIx signal unless both Vdd and Vddiox exceed

V1 and V2, respectively, and elLVI2 is asserted
(eLVI2=Vdd).
[0027] Supply voltage detector 1002 generates En18,

the signal that controls programmable split domain level
shifter 1004 and the programmable bias voltage gener-
ator 522 of Figure 5. Programmable split domain level
shifter 1004 receives both LVIx and En18 from voltage
supply detector 1002. If En18 asserted, which means
Vddiox is presumed equal to 1.8V, programmable split
domainlevel shifter 1004 generates LVIxp and LVIxn with
voltage levels [0V,Vddiox]. If, however, En18 is not as-
serted, which means Vddiox is presumed equal to 3.3V,
programmable split domain level shifter 1004 generates
LVIxn and LVIxp with voltage levels [0V,Vddiox/2] and
[Vddiox/2,Vddio]. Supply voltage detector 1002 com-
pares Vddiox with BGR1 and/or BGR2. In one embodi-
ment, supply voltage detector 1002 determines whether
BGR1<Vddiox/3<BGR2. If it is, bias voltage generator
circuit 1008, in response to a signal from supply voltage
detector 1002, changes bias voltages Bpi and Bni to
0.75*Vddiox, and the bias voltages remain at that level
until BGR2 < Vddiox/3 at which point bias voltage gen-
erator circuit 1008 generates Bpi and Bni at ~Vddiox/2.
[0028] Figure 11 illustrates relevant aspects of the
process employed by the supply voltage detector 1002
when generating En18. More patrticularly, the process in
Figure 11 begins when IC 300 reset is detected, and Vd-
diox starts ramping up from OV. Supply voltage detector
1002 may detect IC resetwhen eLVI2 is asserted by core
circuit 302. Supply voltage detector 1002 initially asserts
En18=Vdd as shown in step 1104. Programmable bias
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voltage generator circuit 522 in each of the 33181/O buff-
ers 306 drives the gates of protection MOSFETs 508 and
510 with Bxn=Vddiox and Bxp=0V in response to asser-
tion of En18. With their gates biased at Bxn=Vddiox and
Bxp=0V, MOSFETs 508 and 510 are strongly activated.
Supply voltage detector 1002 then determines in step
1106 whether BGR1 and BGR2 are greater than 0V. If
BGR1=BGR2=0V, supply voltage detector 1002 sets
En18=0V as shown in step 1110. Programmable bias
voltage generator circuits 522 in each of the 33181/0 buff-
ers 306 drives the gates of protection MOSFETs 508 and
510 with Bxp=Vddiox/2 and Bxn=Vddiox/2 in response.
With their gates biased at Vddiox/2, MOSFETs 508 and
510 are placed in a safe state and will not be damaged
by overvoltage if Vddiox increases beyond 1.8V. If supply
voltage detector 1002 determines that BGR1 and BGR2
are greater than 0V, then supply voltage detector 1002
compares Vddiox with BGR1. If supply voltage detector
1002 determines that Vddiox/3 <BGR1 in step 1114, then
supply voltage detector 1002 reasserts En18 (i.e.,
En18=Vdd) in step 1116. Supply voltage detector 1002
continues to compare Vddiox with BGR1 after step 1116
and while En18 is asserted. However, if supply voltage
detector 1002 determines that Vddiox/3 increases be-
yond BGRH1, then in step 1122 supply voltage detector
1002 resets En18 back to 0V, and the gates of MOSFETs
508 and 510 are biased to Vddiox/2 in order to protect
3318I1/0 buffers 316 from overvoltage damage.

[0029] With continuing reference to Figures 10 and 11,
Figure 12illustrates an embodiment of the supply voltage
detector 1002, which includes a pair of comparators 1204
and 1206, a BGR detection circuit 1210 and a voltage
mode control circuit 1212. Comparators 1204 and 1206
receive and compare Vddiox/3 from divide-by-three cir-
cuit 1203 to BGR1 and BGR2, respectively. Comparators
1204 and 1206 assert their outputs when Vddiox/3 is
greater than BGR1 and BGR2, respectively. Voltage
mode control circuit 1212 uses the output of comparator
1204 to determine the magnitude of Vddiox in steps 1114
and 1120 of Figure 11. Voltage mode control circuit 1212
uses comparators 1204 and 1206 to compare Vddiox/3
to BGR1 and BGR2 when generating the bias voltage
control signal that controls bias voltage generator circuit
1008 as described above. BGR detection circuit 1210
also receives BGR1 and BGR2 from the bandgap gen-
erator 320, and determines whether BGR1 and/or BGR2
are greater than 0V. Voltage mode control circuit 1212
uses the output of BGR detection circuit 1210 to deter-
mine whether one or more of the BGRs are equal to 0V
in steps 1106 and 1112 of Figure 11. Lastly, like 331/0
buffer controller 314, supply voltage detector 1002 of Fig-
ure 12 includes a power supply detection circuit 1214
that generates LVIx based upon Vdd, Vddiox, and eLVI2.
More particularly, asserts LVIx when supply voltage Vdd
or supply voltage Vddiox are below threshold voltages
V1 and V2, respectively, or when eLVI2 is asserted. Pro-
grammable split domain level shifter 1004 asserts LVIxn
and LVIxp when power supply detection circuit 1214 as-



11 EP 3 852 271 A1 12

serts LVIx, which in turn causes 3318 1/O buffers 306 to
enter the tri-state mode.

[0030] In a first aspect there is provided an integrated
circuit (IC) comprising: input/output (1/0O) buffers coupled
to an output supply voltage terminal that is configured to
receive an output supply voltage Vddio, where each of
the I/O buffers comprises: a bias voltage generator that
is configured to generate a first bias voltage with a mag-
nitude that depends on a control signal; an output stage
that receives the first bias voltage, wherein the output
stage is configured to drive an I/O pad based upon a data
signal received at the 1/O buffer, and; an 1/O buffer con-
troller coupled to the I/O buffers and configured to gen-
erate the control signal based upon a magnitude of the
output supply voltage Vddio.

[0031] In one or more embodiments the output stage
of each I/O buffer may comprise: firstand second P-chan-
nelMOSFETSs coupledin series; firstand second N-chan-
nel MOSFETSs coupled in series;

wherein the series coupled P-channel MOSFETs are
coupled in series with the series coupled N-channel
MOSFETs between the output supply voltage Vddio ter-
minal and a ground terminal;

wherein drains of the second P-channel MOSFET and
the first N-channel MOSFET are connected together and
to the 1/0 pad; wherein a gate of the second P-channel
MOSFET is coupled to receive the first bias voltage.
[0032] In one or more embodiments the bias voltage
generator of each 1/O buffer is configured to generate a
second bias voltage that is received by the output stage
of the I/O buffer, wherein the second bias voltage has a
magnitude that depends upon the control signal.

[0033] In one or more embodiments a gate of the sec-
ond P-channel MOSFET in each of the I/O buffers is cou-
pled to receive the second bias voltage generated by the
bias voltage generator of the I/O buffer.

[0034] Inoneormore embodiments the bias generator
generates the first and second bias voltages with mag-
nitudes that are substantially equal to each other when
the control signal is at a first logic voltage level.

[0035] Inoneormore embodiments the bias generator
generates the first and second bias with magnitudes that
are substantially equal to each other when the control
signal is at a second logic voltage level.

[0036] In one or more embodiments, the IC further
comprises: a bandgap voltage generator configured to
generate a first bandgap reference voltage; wherein the
1/O buffer controller is configured to compare the output
supply voltage Vddio to be first bandgap reference volt-
age;

[0037] wherein the I/O buffer controller is configured
to generate the control signalbased upon the comparison
of the output supply voltage Vddio to the first bandgap
reference voltage.

[0038] Inone or more embodiments, the bandgap volt-
age generator configured to generate a second bandgap
reference voltage; the 1/O buffer controller is configured
to compare the output supply voltage Vddio to be second
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bandgap reference voltage; the 1/0O buffer controller is
configured to generate the control signal based upon the
comparison of the output supply voltage Vddio to the first
bandgap reference voltage and the comparison of the
output supply voltage Vddio to the second bandgap ref-
erence voltage.

[0039] Insecondaspectthereisprovided anintegrated
circuit (IC) comprising: a core circuit coupled to a core
supply voltage terminal that is configured to receive a
core supply voltage Vdd; input/output (I/O) buffers cou-
pled to an output supply voltage terminal that is config-
ured to receive an output supply voltage Vddio, wherein
each of the I/O buffers comprises an output stage to drive
an |/O pad based upon data signal received at the I/O
buffer; an 1/O buffer controller coupled to the I/O buffers
and configured to generate first and second control sig-
nals based upon magnitudes of the core supply voltage
Vdd and the output supply voltage Vddio;

[0040] whereinthefirstand second controlsignals con-
trol the output stages.

[0041] In one or more embodiments, the input output
stage in each of the I/O buffers is inhibited from driving
its /O pad when the 1/O buffer controller generates the
first and second control signals with respective logic high
voltages; wherein the input output stage in each of the
1/0 buffers is enabled to drive its I/O pad when the 1/O
buffer controller generates the first and second control
signals with respective logic low voltages.

[0042] Inoneormore embodiments, the I/O buffer con-
troller generates the first and second control signals with
respective logic low voltages when magnitudes of core
supply voltage Vdd and output supply voltage Vddio are
below threshold voltages V1 and V2, respectively.
[0043] Inone or more embodiments, the core circuit is
configured to generate an inhibit signal when the core
circuit receives a signal from a device external to the IC;
the 1/0 buffer controller generates the first and second
control signals with respective logic high voltages when
magnitudes of core supply voltage Vdd and output supply
voltage Vddio are below threshold voltages V1 and V2,
respectively, and when the inhibit signal is asserted.
[0044] In one or more embodiments, each of the I/0O
buffers comprises a bias voltage generator that is con-
figured to generate a first bias voltage with a magnitude
that depends on another control signal; wherein the out-
put stage of each of the I/O buffers receives the first bias
voltage from its bias voltage generator; wherein the I/O
buffer controller is configured to generate the other con-
trol signal based upon a magnitude of the output supply
voltage Vddio.

[0045] In third aspect there is provided an integrated
circuit comprising: a core circuit thatis configured to gen-
erate a sleep signal; input/output (1/O) buffers each com-
prising an output stage configured to drive an 1/O pad
based upon a data signal received at the 1/O buffer,
wherein the output stage of each I/O buffer receives a
first bias voltage; an 1/O buffer controller coupled to the
1/O buffers and configured to generate the first bias volt-
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age, wherein a magnitude of the first bias voltage de-
pends upon the sleep signal.

[0046] In one or more embodiments, the output stage
of each I/O buffer comprises: first and second P-channel
MOSFETs coupled in series; first and second N-channel
MOSFETs coupled in series; wherein the series coupled
P-channel MOSFETSs are coupled in series with the se-
ries coupled N-channel MOSFETs between an output
supply voltage Vddio terminal and a ground terminal;
wherein drains of the second P-channel MOSFET and
the first N-channel MOSFET are connected together and
to the 1/0 pad; wherein a gate of the second P-channel
MOSFET is coupled to receive the first bias voltage.
[0047] Inoneor more embodiments, the I/O buffer con-
troller generates a second bias voltage that is received
ata gate of each of the first N-channel MOSFETSs, where-
in the second bias voltage has a magnitude that depends
upon the sleep signal.

[0048] Inoneor more embodiments, the I/O buffer con-
troller is configured to generate the first and second bias
voltages with magnitudes that are substantially equal to
each other when the sleep signal is asserted; wherein
the 1/0 buffer controller is configured to generate the first
and second bias voltages with magnitudes that are sub-
stantially different when the sleep signal is not asserted.
[0049] In one or more embodiments, the I/O offer con-
troller comprises firstand second bias voltage generators
for generating the first and second bias voltages, respec-
tively, when the sleep signal is not asserted; wherein the
1/0 buffer comprises a third bias voltage generator for
generating the first and second bias voltages when the
sleep signal is asserted.

[0050] In one or more embodiments, each of the I/O
buffers comprises a level shifter that is configured to re-
ceive the first and second bias voltages.

[0051] Although the present invention has been de-
scribed in connection with several embodiments, the in-
vention is not intended to be limited to the specific forms
set forth herein. On the contrary, it is intended to cover
such alternatives, modifications, and equivalents as can
be reasonably included within the scope of the invention
as defined by the appended claims.

[0052] Disclosed is a control circuitfor protecting MOS-
FETs in 1/O buffers or other devices from overvoltage
damage, especially during power ramp up. The control
circuit can perform additional functions. In one embodi-
ment an integrated circuit (IC) includes input/output (1/O)
buffers coupled to an output supply voltage terminal that
is configured to receive an output supply voltage Vddio.
Each of the I/O buffers has a bias voltage generator that
is configured to generate a first bias voltage with a mag-
nitude that depends on a control signal; an output stage
that receives the first bias voltage, wherein the output
stage is configured to drive an I/O pad based upon a data
signal received at the 1/O buffer. The IC also includes an
1/0 buffer controller coupled to the I/O buffers and con-
figured to generate the control signal based upon a mag-
nitude of the output supply voltage Vddio.
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Claims
1. An integrated circuit (IC) comprising:

input/output (1/0) buffers coupled to an output
supply voltage terminal that is configured to re-
ceive an output supply voltage Vddio, where
each of the I/0 buffers comprises: a bias voltage
generator that is configured to generate a first
bias voltage with a magnitude that depends on
a control signal; an output stage that receives
the first bias voltage, wherein the output stage
is configured to drive an I/O pad based upon a
data signal received at the I/O buffer, and;

an I/O buffer controller coupled to the I/O buffers
and configured to generate a control signal
based upon a magnitude of the output supply
voltage Vddio.

2. The IC of claim 1 wherein the output stage of each
1/0 buffer comprises:

first and second P-channel MOSFETSs coupled
in series;

first and second N-channel MOSFETSs coupled
in series;

wherein the series coupled P-channel MOS-
FETs are coupled in series with the series cou-
pled N-channel MOSFETSs between the output
supply voltage Vddio terminal and a ground ter-
minal;

wherein drains of the second P-channel MOS-
FET and the first N-channel MOSFET are con-
nected together and to the 1/O pad;

wherein a gate of the second P-channel MOS-
FET is coupled to receive the first bias voltage.

3. ThelC of claim 1 or 2 wherein the bias voltage gen-
erator of each I/O buffer is configured to generate a
second bias voltage that is received by the output
stage of the I/0O buffer, wherein the second bias volt-
age has a magnitude that depends upon the control
signal.

4. ThelCof claim 3 when dependentonclaim2 wherein
a gate of the second P-channel MOSFET in each of
the 1/0 buffers is coupled to receive the second bias
voltage generated by the bias voltage generator of
the 1/0O buffer.

5. The IC of claim 3 or 4 wherein the bias generator
generates the first and second bias voltages with
magnitudes that are substantially equal to each other
when the control signal is at a first logic voltage level.

6. The IC of any of claims 3 to 5 wherein the bias gen-
erator generates the first and second bias with mag-
nitudes that are substantially equal to each other
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when the control signal is at a second logic voltage with respective logic low voltages when magnitudes

7.

The IC of any preceding claim further comprising:

a bandgap voltage generator configured to gen-
erate a first bandgap reference voltage;
wherein the 1/O buffer controller is configured to
compare the output supply voltage Vddio to be
first bandgap reference voltage;

wherein the 1/O buffer controller is configured to
generate the control signal based upon the com-
parison of the output supply voltage Vddio to the
first bandgap reference voltage.

8. The IC of claim 7:

wherein the bandgap voltage generator config-
ured to generate a second bandgap reference
voltage;

wherein the 1/0O buffer controller is configured to
compare the output supply voltage Vddio to be
second bandgap reference voltage;

wherein the 1/0O buffer controller is configured to
generate the control signal based upon the com-
parison of the output supply voltage Vddio to the
firstbandgap reference voltage and the compar-
ison of the output supply voltage Vddio to the
second bandgap reference voltage.

9. Anintegrated circuit (IC) according to any preceding
claim and further comprising:

a core circuit coupled to a core supply voltage
terminal that is configured to receive a core sup-
ply voltage Vdd;

I/O buffer controller is further configured to gen-
erate first and second control signals based up-
on magnitudes of the core supply voltage Vdd
and the output supply voltage Vddio;

wherein the first and second control signals con-
trol the output stages.

10. The IC of claim 9:

wherein the input output stage in each of the I/O
buffers is inhibited from driving its I/0O pad when
the 1/0 buffer controller generates the first and
second control signals with respective logic high
voltages;

wherein the input output stage in each of the I/0
buffers is enabled to drive its I/O pad when the
I/0O buffer controller generates the first and sec-
ond control signals with respective logic low volt-
ages.

11. The IC of claim 9 or 10 wherein the I/O buffer con-

troller generates the first and second control signals
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level. of core supply voltage Vdd and output supply voltage

Vddio are below threshold voltages V1 and V2, re-
spectively.

12. The IC of claim 11:

wherein the core circuitis configured to generate
an inhibit signal when the core circuit receives
a signal from a device external to the IC;
wherein the I/O buffer controller generates the
first and second control signals with respective
logic high voltages when magnitudes of core
supply voltage Vdd and output supply voltage
Vddio are below threshold voltages V1 and V2,
respectively, and when the inhibit signal is as-
serted.

13. The IC of any of claims 9 to 12:

wherein each of the I/0 buffers comprises a bias
voltage generator thatis configured to generate
a first bias voltage with a magnitude that de-
pends on another control signal;

wherein the output stage of each of the I/O buff-
ers receives the first bias voltage from its bias
voltage generator;

wherein the I/O buffer controller is configured to
generate the other control signal based upon a
magnitude of the output supply voltage Vddio.
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